AccumulAting evidence suggests a significant interplay between metabolism and the circadian clock. The master clock located in the suprachiasmatic nuclei (SCN) of the hypothalamus controls a number of physiological functions and metabolic processes [1] . In the mammalian clock, heterodimeric transcription complex Clock-Bmal1 induces the expression of a number of genes including those encoding Period (Per) and Cryptochrome (Cry) proteins that repress Clock-Bmal1 activity. The daily light-dark cycle is the dominant synchronizer of the SCN clock which receives photic information directly from the retinohypothalamic tract [2] . Such a temporal regulation of the SCN clock is Abstract. To assess the effect of adiponectin on the circadian rhythm disturbances associated with metabolic syndrome, we generated a KK/Ta mouse line expressing the human adiponectin transgene in the liver. Locomotor activity of control C57BL/6 mice was highest during the beginning of the dark period and low during the light period. Under constant darkness, the length of locomotor activity rhythm of control mice was slightly shorter than 24 h. In KK/Ta mice the peak of locomotor activity was blunted and significant activity was observed during the light period. Furthermore, KK/Ta mice showed shorter average period length of free-running locomotor activity rhythm when compared with control mice. However, the transgenic expression of adiponectin in the liver significantly altered the circadian rhythm of locomotor activity and the length of free-running rhythm of KK/Ta mice towards those of C57BL/6 mice. In the liver and skeletal muscles from control mice, mRNA levels of Arntl and Cry1 were increased during the dark period, whereas those of Dbp, Cry2, Per1 and Per2 were elevated during the light period. KK/Ta mice exhibited phase advances in circadian rhythms of Arntl, Dbp, Cry2 and Per2 in both tissues. The phase shifts of the circadian clock gene expression in the liver were attenuated in adiponectin-transgenic mice. These results suggest that adiponectin is a peripheral regulator of the circadian clocks in the brain and peripheral organs, and may be a novel target for the treatment of obesity-associated disorders of circadian rhythms.
now considered to imply the synchronization of circadian oscillators contained in most peripheral organs like liver, muscle and white adipose tissue. The liver oscillator is thought to help the organism adapt to a daily pattern of food availability by tuning expression of a large number of genes regulating metabolism and physiology. These peripheral oscillators are considered to play a critical role in tissue-specific physiology [3] .
Recent epidemiological evidence and animal data suggest that disturbance of circadian rhythms through genetic and environmental influences on the molecular clock is pivotal in the pathogenesis of obesity, type 2 diabetes and cardiovascular disease [4] . Single nucleotide polymorphisms in the Clock gene were shown to be associated with obesity and individual components of metabolic syndrome [5] . In mice, homozygous mutations in the Clock gene lead to the development of metabolic syndrome [6] . In contrast, Arntl deficient preadipocytes failed to be differentiated into adipocytes, and 5'-aggatcctgatcagttggtgtcatggta-3'. After more than 15 generation backcrosses, male mice heterozygous for the transgene and non-transgenic mice on KK/Ta background were used for the following experiments. Because the KK/Ta mouse is a polygenic model for human metabolic syndrome, there is no control strain in the same genetic background. In this study we used as a control the C57BL/6 mouse which is the most commonly used inbred strain for metabolic investigations. Serum adiponectin levels in KK/Ta and C57BL/6 mice at the age of 10 weeks were 29.4 ± 3.9 and 37.0 ± 1.6 µg/mL, respectively (n=8, each) [22] . Adiponectintransgenic (Ad-Tg) KK/Ta mice (n=8) had 57.3 ± 16.5 µg/mL of mouse adiponectin and 53.5 ± 26.8 µg/mL of human adiponectin. Transgenic expression of adiponectin in the liver results in the increase of small adipocytes and thereby the elevation of endogenous adiponectin levels [21] . All mice were maintained under specific-pathogen-free conditions with a regular light cycle of 12 h light/12 h darkness and the temperature controlled at 22-23 °C and a relative humidity of 50%. They had free access to standard mouse chow (347 kcal/100g, protein 24.9 g/100g, fat 4.6 g/100g, CLEA Japan) and tap water ad libitum. Glucose levels in blood obtained from the tail veins were measured by the glucose dehydrogenase method. All mice were treated in accordance with the guidelines for the care and use of laboratory animals of Kurume University School of Medicine based on the National Institutes of Health Guidelines.
Quantitative real-time RT-PCR
Mice were sacrificed under anesthesia at the age of 12 weeks, and the liver and quadriceps muscle were removed. RNA was isolated from the tissues using RNA-Bee reagent (TEL-TEST, Friendswood, TX, USA) following the manufacturer's directions. The RNA concentrations were assessed by measuring the absorbance at 260 nm. For reverse transcription, 5 μg of total RNA was transcribed to cDNA using SuperScript III Reverse Transcriptase kit (Invitrogen, Carlsbad, CA, USA). Real-time quantitative PCR of the cDNA template was performed in a StepOnePlus (Applied Biosystems, Tokyo, Japan). The PCR reaction contained 750 ng of cDNA, 5 μmol/L forward and reverse primers (Table 1) , and 10 μL of Fast SYBR Green Master Mix (Applied Biosystems) in a total volume of 20 μL. The PCR cycling conditions were: hold for 20 s at 95 °C; 40 cycles of 3 s at 95 °C, 30 s at 60 overexpression of Arntl in adipocytes increased lipid synthesis activity [7] . Furthermore, Clock and Bmal1 are involved in the regulation of insulin secretion and islet cell proliferation [8] . Bmal1 is also associated with longevity, because mice deficient in Arntl have reduced lifespans and display various symptoms of premature aging [9] . Environmental factors, such as shift work and bright light exposure at night are also related to increased adiposity and prevalence of metabolic syndrome [10] [11] [12] . On the contrary, consumption of a high-calorie diet alters the period of the central clock and dampened the diurnal rhythm in locomotor activity [13] , and disturbed circadian rhythm in obese subjects can be restored at least partly by weight loss with low-calorie diet or bariatric surgery [14] . Thus, the circadian system has an important impact on metabolic disturbances and vice versa [15] . However, the mechanism by which excess adipose tissue accumulation affects circadian clock is still largely unknown.
A likely candidate for the adiposity signal to circadian clock is adiponectin. Low plasma adiponectin levels are closely associated with obesity and related complications including type 2 diabetes [16, 17] . Hypoadiponectinemia is also observed in an inbred mouse strain KK/Ta [18] , which develops mild obesity with hyperglycemia and dyslipidemia mainly due to insensitivity of the peripheral tissue to insulin with a polygenetic inheritance, similar to human metabolic syndrome [19, 20] . Previously we have established transgenic mouse lines expressing full-length human adiponectin in the liver [21] . In this study we transferred the human adiponectin transgene to the inbred KK/Ta strain by repetitive backcrossing, to assess the effect of adiponectin on the circadian rhythm disturbances associated with metabolic syndrome.
materials and methods

Generation of KK/Ta mice expressing human adiponectin in the liver
Inbred KK/Ta mice were purchased from CLEA Japan (Tokyo, Japan). Generation of transgenic mice expressing full-length human adiponectin in the liver in the genetic background of C57BL/6 was previously described [21] . Male transgenic mice were repeatedly backcrossed to female KK/Ta mice. The transgenic mice were identified by polymerase chain reaction of tail DNA using human adiponectin transgene-specific primers; 5'-tgaattcgggctcaggatgctgttgct-3' and
Measurement of free-running rhythm
At 8-10 weeks of age, C57BL/6 and KK/Ta and Ad-Tg KK/Ta mice were individually housed in cages with an automated locomotor system (LOCOMO LS-5, Melquest, Toyama, Japan), which produces horizontal beams of infrared light (three beams for x-coordinate, two beams for y-coordinate) spanning the cage width to encounter a detector on the opposite side. The number of times the tested mice crossed the beams was monitored by an on-line computer with a counter interface (CIF-32,Melquest) every 15 min. Mice were housed under 12 h light/12 h darkness cycle (lights on at 7:00) for 1 week, followed by constant darkness for 4 weeks. Activity records are double plotted such that each day/ cycle's activity is shown both to the right and below that of the previous day/cycle.
The period analysis in individual records was performed using the chi square periodogram method [23] . Values of the statistic were calculated in the range of 20.0 to 26.0 h for 0.1 h intervals. The periodogram was calculated for a block of 10 consecutive days in individual animals for which the circadian period appeared to be stable.
Statistical analysis
Numerical data were expressed as means and SD. Comparison among three groups was performed by ANOVA using SAS 9.2 software (SAS Institute, Cary, NC, USA). Ryan's method was used for post hoc multiple comparisons. P values less than .05 were considered significant.
Results
Daily food intake of 10 week-old KK/Ta mice was significantly greater than that of age-matched C57BL/6 mice (4.5 ± 0.4 vs. 2.9 ± 0.5 g, Fig. 1 ). KK/Ta mice gained weight rapidly and were significantly heavier than control mice at the age of 12 weeks (34.2 ± 2.3 vs. 27.3 ± 1.2 g). Ad-Tg KK/Ta mice did not differ in food consumption (4.4 ± 0.7 g/day) or body weight (34.8 ± 1.9 g) from KK/Ta mice without the transgene. Blood glucose levels were measured every 6 h for 24 h. The increased mean glucose level in KK/Ta mice was attenuated in Ad-Tg KK/Ta mice (Fig. 2 A) .
Locomotor activity of C57BL/6 mice was highest during the beginning of the dark period (ZT12-16), thereafter decreased gradually, and markedly low during the light period (Fig. 2 B) . In KK/Ta mice, the total °C. Results were calculated as expression of the target gene relative to expression of the reference gene (Gapdh). The acrophase and amplitude of circadian clock gene expression were calculated by the cosine best-fitting regression (Cosinor) method.
Western blot analysis of TNF-α
Hepatic tissue was lysed in ice-cold lysis buffer containing 1 mmol/L DTT, 0.0025% NP40 and a cocktail of proteinase inhibitors. The lysate was centrifuged at 19,000 g for 15 min at 4°C, and the supernatant was loaded onto a 15% polyacrylamide gel. Separated proteins were transferred onto a nitrocellulose membrane (GE Healthcare Bio-Science, Buckinghamshire, UK). The membrane was blocked in 5% albumin overnight with gentle shaking, washed in Tris-buffered salineTween 20, and incubated with rabbit TNF-α antibody (Cell Signaling, Danvers, MA, USA) at 1:1000 dilution overnight. After extensive washing, the membrane was incubated with peroxidase-conjugated antirabbit IgG (Wako, Osaka, Japan). Visualization was performed using an ECL kit according to the manufacturer's protocol (GE Healthcare Bio-Science).
Locomotor activity
Mice were placed individually in clear plastic cages with food and water available ad libitum, and spontaneous locomotor activity was measured continuously using digital counters with passive infrared sensors (Supermex system, Muromachi Kikai, Tokyo, Japan). In both the liver and skeletal muscles, acrophases for of Arntl (Bmal1 gene) and Cry1 expression were in the dark period, whereas those for Dbp, Cry2, Per1 and Per2 were around the end of the light period (Fig.  4) . KK/Ta mice exhibited significant phase advances in circadian rhythms of Arntl, Dbp, Cry2 and Per2 in both tissues ( Table 2 ). The phase shifts of the circadian clock in the liver were significantly restored by the transgenic expression of adiponectin in the organ. count of locomotor activity was reduced and the circadian rhythmicity was blunted. The activity was lower at ZT12-16 when compared to that of C57BL/6 mice, but it persisted during the middle of the dark period, and the second peak of locomotor activity was observed during the beginning of the light period (ZT0-4) . The transgenic production of adiponectin did not increase the total locomotor activity, but largely restored the normal circadian rhythmicity.
Locomotor activity was recorded under the 12 h light/12 h dark cycle for 7 days, and then under constant darkness for 21 days (Fig. 3) . C57BL/6 mice showed a distinct circadian rhythmicity of 23.73 ± 0.05 h (n=4) under constant darkness. KK/Ta mice had significantly shorter average period length of cir- Fig. 3 Free-running locomotor activity of C57BL/6, KK/Ta, and Ad-Tg KK/Ta mice. Activity counts are indicated by the vertical black marks in the activity record. The records are double plotted so that each day's record is presented both to the right of and beneath that of the previous day.
tion of movements at the beginning of the dark period was blunted. Furthermore, KK/Ta mice had shorter free-running periods of locomotor activity under constant darkness when compared with C57BL/6 mice, indicating that the circadian rhythmicity of central clock was altered. In peripheral tissues, a significant phase advance was observed in several clock genes, i.e. Arntl, Dbp, Cry2 and Per2. Phase advance of sleep-wake rhythm and disturbed circadian rhythmicity are commonly observed in older adults [25] [26] [27] . In contrast to high fat diet-induced obese mice [13] , in which the free-running period is lengthened and the circadian phase of clock gene expression is delayed, KK/Ta mice exhibited shorter average period length of circadian activity rhythm and a phase advance of clock gene expression. Thus KK/Ta mice share the same characteristics of circadian rhythm with older people. The altered circadian rhythm could be associated with the premature death of KK/Ta mice [22] .
Because the serum level of adiponectin was low in KK/Ta mice, we generated a transgenic line of KK/Ta mice expressing adiponectin in the liver to assess the effects of adiponectin on phenotypes of KK/Ta mice. The hepatic production of adiponectin, together with the augmentation of endogenous adiponectin production due to the increase of small adipocytes, significantly restored the circadian rhythm of locomotor activity, and partly corrected the length of free-running locomotor activity rhythm of KK/Ta mice, suggesting that adiponectin can modulate the rhythm of central core clock. The phase advance of the circadian clock Furthermore, the phase advance in Cry2 rhythmicity in the skeletal muscle was corrected in the transgenic mice. Skeletal muscle Dbp rhythm was also advanced in KK/Ta mice and slightly restored in Ad-Tg KK/Ta mice, although the difference did not reach statistical significance (p=0.06). Hepatic expression of the TNF-α gene (Tnf) was increased in KK/Ta mice compared with C57BL/6 mice at both ZT0 and ZT12 (Fig. 5A, B) . The elevation of Tnf was inhibited by the transgenic production of adiponectin in the liver. Western blot analysis showed that TNF-α protein was increased in the liver from KK/Ta mice when compared with C57BL/6 mice (Fig. 5C ). Ad-Tg KK/Ta mice had lower TNF-α protein levels in the liver than KK/Ta mice.
Discussion
Circadian mechanism dysfunctions have been associated with metabolic disturbances in both human and animal models. Ando et al. [24] have reported that the rhythmic expression of the clock genes is attenuated in the liver of KK-Ay mice, a genetic model of severe obesity and overt diabetes, using KK/Ta mice as controls. KK/Ta mice exhibit a polygenic syndrome of mild obesity and hyperglycemia which are less pronounced than those of KK-Ay mice. However, in this study we showed that circadian rhythms of both locomotor activity and peripheral clock gene expression were altered even in KK/Ta mice when compared with C57BL/6 mice. KK/Ta mice showed sustained locomotor activity throughout the dark phase, while the activa- mice and Ad-Tg KK/Ta mice. The restoration of clock gene expression rhythm was more marked in the liver compared with skeletal muscle, suggesting that adiponectin itself acted on the circadian clock mechanism. Adiponectin has two different signaling pathways: one mediated by peroxisome proliferatoractivated receptor-α (PPAR-α), and the other mediated by 5'-AMP-activated protein kinase (AMPK) [31] . PPAR-α has been shown to bind to the Arntl promoter and up-regulate its expression [32] . Whereas AMPK phosphorylates and destabilizes Cry1, resulting in the alteration of circadian rhythms [33] . Furthermore, adiponectin down-regulates TNF-α, which suppresses several clock genes in the liver [34] . Thus the augmentation of adiponectin signals or the attenuation of the TNF-α signaling pathway may be associated with the beneficial effects of adiponectin on circadian rhythms of KK/Ta mice. A limitation of this study was the use of C57BL/6 mice as the normal control of KK/Ta mice because there is no control strain in the same genetic background as the KK/Ta mouse. Different genetic background might be associated with the altered circadian was significantly corrected in the liver, but not in skeletal muscle, from Ad-Tg KK/Ta mice.
Changes in feeding/fasting cycle may result in the shift of peripheral clock rhythm, because many circadian clocks in peripheral organs predominantly entrain feeding cues [28] [29] [30] . However, in this study all mice had ad libitum access to diet and water, and the analysis of locomotor activity rhythm indicated that the major part of eating was started at the beginning of dark periods. Thus the shift advances of the peripheral clock rhythm in KK/Ta mice and its partial restoration in Ad-Tg KK/Ta mice could not be attributable to the alteration in the feeding/fasting cycle, although blunted circadian rhythmicity of eating behavior might affect the expression of clock genes in peripheral tissues.
The restoration of circadian rhythm was not attributable to weight loss, because there was no significant difference in body weight between KK/Ta mice and Ad-Tg KK/Ta mice. On the other hand, slight reduction in plasma glucose levels could be involved in the alteration in circadian rhythm in Ad-Tg KK/ Ta mice. However, the peak of plasma glucose was delayed in KK/Ta mice when compared with C57BL/6 
